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ABSTRACT

An experimental arrangement for determining the apparent
moment of inertia of parachute canopy models is described. The
rigid canopy modelé are attached to a simple torsion pendulum
and the periods of oscillation of the models and suspension
systen in air and in water are measured and used to calculate
the apparent moment of inertia of the model canopies. The
validity of the experimental arrangement was verified by
measuring the apparent mass of some simple geometric bodies
such as spheres and cubes and comparing the results with known
theoretical values. Models of the circular flat, ribbon and
ribless guide surface canopy shapes were tested for angular
motion about two different axes and the results are presented
in nondimensional coefficient form,

Aditional results showing the effect of the geometric
porosity on the apparent moment of inertia of a ribbon type

parachute canopy model are presented in the Appendix.

Previous page was blank, thereiore:not filmed.
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SYMBOLS

The notatlion system adopted for thls report is
based on a number of basic symbols, representing the primary
concepts, supplemented by subsciipts and superscripts to
further define or restrict the specilc meaning. Thils results
in a flexible notation where the assoclatlion between the
symbols and thelr physilcal significance 1s evident and more
easlly remembered. For clarity and continulty, each comblna-
tion of symbols involving subscripts or superscripts will be
redefined when first introduced in the text.

PRIMARY CONCEPTS

A Dimensionless moment of lnertia ratio
a Seml-major axis of ellilpse
b Semi-minor axis of ellipse
C Dimensionless mass ratio
D Diameter
E Energy (/
I Moment of 1nertia
K Torsion rod spring constant
k Inertis coefficient = kinetic energy/dynamic
pressure X displaced volume
L Distance
1 Side of cube
M Mass
r Radius
Re Reynolds number
S Surface area
T Period of osclllation
U Velocity of body in fluild
Partlal derlvative of ¢ wilith respect to
%%— normal directlon, directed into the fluid
(1) Veloclty potentlal
) Angular displacement
N Angular velocity
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Density of fluld
Kinematlic Viscosity

For
For
For
For
For
For
For

SUBSCRIPTS
tests 1in alr
canopy model
displaced volume
included volume
proJected dlameter
sphere
tests 1n water

Reference mass or moment of lnertla based
on system geometry

For

For

system wlth models removed

SUPERSCRIPTS
apparent mass and moment of inertia



1., INTRODUCTION

In setting up the dynamic stability equations of a
parachute load system and, more generally, in examining the
forces and moments acting during unsteady flow conditlons,
1t 1s necessary to consider not only the actual mass and
moment of inertla of the parachute and suspended load but
also some additlonal mass and moment of lnertia effects to
account for energy exchanges between the parachute and load
system on one hand and the fluld medium on the other. These
additlonal mass and moment of lnertia effects may become
qulte lmportant in cases of large instantaneous accelerations
and when the air masses 1lnvolved are large with respect to
the parachute mass.

In classlcal hydrodynamics, 1t 1s shown that the
effect of the presence of the fluid may be represented by
some "additional mass" and "additional moment of inertia,"
sometimes referred to as the "induced" or "hydrodynamic mass"
and "hydrodynamic moment of inertia." Following von Karman's
terminology in Ref. 1, the designation "apparent mass" will
be used here to represent the "additional mass" for the
Particular motion under consideration. Similarly, the
'apparent moment of lnertia" designates the "additional moment
of inertia'" for the specified angular motion,

- The apparent mass and apparent moment of inertila
depend on the body shape, the speciflic motion involved and
the density of the fluld in which the motion takes place.

The exlstling theoretical methods for calculating
the apparent mass and moment of lnertia can be worked out
only in the case of simple geometrlical shapes such as
spheres and ellipsoids. For parachute canopy shapes, as
typified by a hollow hemispherical shell, 1t 1s necessary
to employ experimental methods.

Manuscript released by the author May 1964 for publication
as an FDL Technlcal Documentary Report.
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A, j General Theoretical Considerations
; In classical hydrodynamics, a solld body moving 1n
an ldeal fluld in steady motion experiences no resistance.
This is the so-called "d'Alembert paradox." For unsteady
motion, however, the body will be subjJected to hydrodynamic
forces which are proportional to the instantaneous values of

the acceleratlon and which may be calculated from the known
ideal flow.

Lamb, Milne-Thompson and Zahm (Refs. 2, 3 and 4)
treat the fundamental concepts and glve some iInformation on
the apparent mass and moment of lnertia effects in the case
of simple geometric bodies.

The concepts of apparent mass and moment of inertia
are very useful. Thelr values may be determined from consi-
derations of the energy of the fleld of flow,

1. Kilnetlc Energy Relatlionshilps
The kinetic energy of an infinilte fluid, initially
at rest, which 1s bounded internally by a solid body in
potential motion 1s gilven by

e—tpf 0 3 a5, (2.1)
s an
where E 1s the fluld kinetic energy,
p 1s the fluid density,
¢ 1s the veloclty potential, and

2. THEORY

-%EL 1s the veloclty along the normal to the boundary
" directed into the stream.

The Integral 1is taken over the boundary, S, of the
region occupled by the fluld flow,.

The "apparent mass," M!, 1s calculated from the
kinetlc energy by means of the relatlon

E=4M U° , (2.2)

where U 1s the veloclty of the body. Hence,

3
M,=2E='PL4’5‘%dS
U2 U2

. (2.3)

Reference 2 presents the apparent mass effects 1in
terms of nondimenslonal inertia coefficlents, k, given by



kinetic energy
k = . (2.4)
dynamic pressure x volume of displaced fluld

The notion of inertla coefflcients is a very useful one, but
the above definition breaks down 1n the case of flat plates
and thin shells, shapes which are of particular interest in
parachute work. To avoid this difficulty, a "reference
volume" based on some characteristic dimension of the body,
for example the dlameter, willl be used.

Similarly, in rotational motions the apparent
moment of inertia can be determined from energy consliderations
using the veloclty potential of the rotational motion. For
an elliptic cylinder, Ref. 3 glves

- Lnpn? (2 - 132, (2.5)

where a and b are seml-axes of the ellipse and N 1s the
angular velocity of rotation of the elliptic cylinder about

1ts axis.
The kinetlc energy of rotation 1ls gilven by

E=31'nNn° . (2.6)

Hence, the apparent moment of lnertla per unit length of
rotating cylinder will be .

I = %%2 = %-Tt p (a° - b : (2.7)

The general motlon of a solid of arbitrary shape
Involves six degrees of freedom represented by three compo-
nents of llnear velocity and three components of angular
veloclty. In the quadratic expressilons for the energy, there
may be six squares and fifteen products of veloclty components
and therefore 21 hydrodynamic 1nertla coefficients.

In practical problems the motions may be simpli-
fied, as for example in two-dimenslonal motion, and the
bodles considered may have one or more planes of symmetry,
thereby reduclng the number of inertia coefficients.

B. Theory of the Experimental Method

The experimental method adopted l1ls based on mea-
suring the change 1n frequency of the body 1in questlon when
oscillating in alr and in water. The actual mass and moment
of 1nertia of the body are the same inboth tests, but the
apparenc mass and the apparent moment of 1lnertla are very
different, being proportional to the fluid densities.

In the experimental apparatus used (Figure 1), the
models are attached to a stretched wire undergoing small

2)2
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torsional osclllations, and the method of attachment of the
models 1s such as to produce the requlred relative motion

for the model.

The period of a torsion pendulum of the type 1llus-
trated in Fig 1, held at both ends and oscillating in a
fluld, 1s given by the well known expression

(K : 2b“ ) ; . (2.8)
T 42

torsional constant of the wire,

effective moment of 1lnertla of the oscillating
system, and

damping factor.

where K
I

b

The quantity %T-may be determined experimentally

for each confilguration and its value incorporated in the
data reduction using Eqn (2.8). This greatly complicates
the calculations and 1t 1s more expedient to cho~se the
torsional constant K and the effective moment of inertia of

the oscillatiné system I in such a way that ? is considerably
larger than E—g- This can be ascertalned experimentally

from the small damping of the osclllations as recorded in
the trace and 1llustrated in Fig 16 without the need for the

explicit experimental determination of %% for each case.
This makes 1t possible to simplify Eqn (2.8) to

T = 21t(,-hI;)% . (2.9)

If tests for a glven model arrangement are con-
ducted in alr and 1n water, then

r, - 2n (3®)° (2.10)

Ty =1 2T (Iw)% . (2.11)

The apparent moment of 1nertlia of the osclllating
system 1s glven approximately by

K

2 2
IW = Ia = m (TW - Ta )

. (2.12)



If the apparent moment of inertla of the experi-
mental system wlthout the model attached 1s designated by
I} , then the apparent moment of inertla of the model alone
will be given by

I' = Iy, -I; - I}

Lﬁ? (T,° - Ty2) - I} . (2.13)

In the case of a symmetric arrangement of two models
as shown in Flg 1, the apparent moment of inertla of each
model wlll be one half that given by Eqn 2.13,

It 1s only necessary to measure the period of
oscillation of the system in alr and in water, with and
wlthout models attached, and to measure the torsional constant
of the wire. The latter may be obtalned by a separate exper-
iment.



3. EXPERIMENTAL EQUIPMENT

A. Trial of Bi-Filar Torsion Pendulum

Before adopting the experimental set-up shown in
Fig 1, another experlmental arrangement suggested by Refs 5
and 6 was tried. It consisted essentially of a bi-filar
torsion pendulum to which 1s attached the model under test.
By measuring the period of oscillatlion in alr and in a vacuum
and allowing for the characterlistics of the suspenslion system,
the apparent moment of lnertia of the model under test could
be calculated. Prelimlnary tests with a hemispherlcal cup,
oscillating in stlll alr and in the test section of the low
denslty wind tunnel with no flow, gave very little change in
the period of oscillation. It was therefore concluded that
unfavorable experimental factors such as limited model size,
unavoldable frictlon losses in the suspension system, slight
dissymmetry 1n the model and mounting, etc., made this parti-
cular arrangement impractical.

B. Simple Torsion Pendulum Arrangement

The experimental arrangement eventually adopted
4s similar to that of Ref 7. It consists of a specially
designed test frame lncorporating a simple torsion pendulum,
adjustable mounting arms for the models, and the necessary
apparatus for sensing, recording, and timing of the oscillla-
tlons., Figure 1 shows the maln dimensions and design features
of th~ test frame. The torsion rod initially used was a
1/8 inch diameter drill rod, 22 inches long, which was
mounted vertically and held fixed at both ends. A small
fitting is clamped on the rod at mid-point and carries two
threaded 3/32 inch diameter shafts for mounting the models
such that the torslional oscillation of the central rod im-
parts the model motlon under investigation.

For symmetry, two identlcal models mounted on
opposite arms are used for the two-body tests. If the motion
to be simulated is about an axis .through the model, a single
model 1s attached directly to the midpoint of the rod. In
other words, the center of gravity of the model system 1is
made to coincide with the midpoint of the torsion rod.

The dimenslons of the test frame were chosen so
that it could be conveniently immersed in the .reservoir tank
of the water analogy facility. :

C. Oscilllation Detection System
1. Inductance Transducer
For the early tests with the 1/8 inch torsion rod,
a small linear varlable differential transformer was used as
a transducer to detect the oscillations. The coil was mounted
in a plexiglass fitting attached to the crossarm fitted to
the torsion rod near the top. Means were provided for initially



centerling the core of the transducer. The transducer 1s
mounted near the upper end of the torsion rod Just above the
immersion level.

Figure 2 is a photograph of the test frame showing
the transducer system and a palr of circular disks attached
to the torsion rod. Figure 3 illustrates the amplifying,
recording and timing equipment used. This conslsts of a
Model BL-310 Brush Straln Analyser, a two channel Brush pen
recorder, a varlable frequency oscillator and a Cathode-Ray
oscllloscope.

In vlew of the over-all dimenslons of the apparatus
and the relatively small range of frequencies of the detec-
tion and recording systems and ln order to obtaln satisfactory
experimental measurements, 1t became necessary to optimize
the relatlonshlp between the model's mass moment of inertia,
its apparent moment of ilnertla, and the torsion rod spring
constant. For the experiments utllizing two solid bodies
mounted symmetrically about the torsion rod, the 1/8 inch
rod was satisfactory. In later tests using single, thin-shell

-

FIG 3 TEST FRAME AND OSCILLATION DETECTION EQUIPMENT

8



canoples, the osclllations were too small to be measured
accurately, because the mass moment of inertia of the model
was relatively small. It then became necessary to either
reduce the stiffness of the rod or to increase the mass moment
of inertia of the canopy model, Since the test frame dimen-
slons limit the slze of the canopy models and the use of
thicker metal 1s undeslrable for adequate simulation of thin
walled canoples, the mass moment of inertia of the models
could not be appreciably increased. A 1/16 inch torsion rod
was then introduced to reduce the stiffness.

The use of the smaller torsion rod introduced some
difficultles in the detectlon of osclllations by means of
the inductance transducer. With the 1/16 inch drill rod as
the torsion member, the alignment of core and coil could not
be malntalined. due to the more flexlble nature of the smaller
rod, It wes therefore decided to modify the oscilllation de-
tection system,

2. Capacltance Transducer

Capaclitance plates mounted symmetrically at the
ends of a detectlion rod were used in conjunction with rigid
plates positiored such that the system constituted a varlable
capacltor. The moving plates and the fixed plates, shown
in Fig U4, are mounted 1/8 inch apart. The changing capaci-
tance 1s detected, amplified and fed into one channel of the
two channel Brush pen recorder. Flgure 5 diagrammatically
shows the baslc components of the oscilllation detection,
amplification and recording system. Figure 6 shows the pre-
sent Instrumentation with a hollow hemlspherlcal model and
attached spheres mounted on the torsion rod. This system
provides for larger tolerances and easler adjustments than
the one using the 1nductance . transducer.

D. Models
1. Two-Body Solid Models

Preliminary tests were conducted using standard
geometric shapes in order to compare results with previous
theoretical and experimental results. Figure 7 1s a photo-
graph of the disks, spheres and cubes that were tested. All
of” these models were mounted in a manner simllar to that of
the disks shown in Fig 2.

2. Canopy Models
2.1. Motion about an Axls Through the Center of Gravity
The initlal tests on canopy models were for motion
about an axis through the center of gravity of the canoples;
therefore, single models mounted directly to the torslon rod
were used.

: For the preliminary tests on rigld canopies; two
thin-shelled hemispherical models were used, One model, made
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* FIG 4. CAPACITOR MOUNTED ON DETECTION
ARM OF TEST FRAME

50 Mh INDUCTOR DIODE RECTIFIER
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SIONAL OENERATOR OPER- AMPLIFIER CORDER
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PER SECOND CURRENT GAIN = 1600

VARIABLE CAPACITORS MOUNTED -

ON DETECTION ARM, RANGE: 0~ 30 Ui ¥

FIG 5. BLOCK CIRCUIT DIAGRAM SHOWING

BASIC COMPONENTS OF CAPACITANCE
DETECTION SYSTEM
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5" CANOPY
MODEL AND 1.25" SPHERES ATTACHED
TO TORSION ROD
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FIG 6. TEST APPARATUS WITH
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FIG 7 PHOTOGRAPHIC VIEW OF MODEL DISKS, SPHERES,
AND CUBES TESTED

of steel, had an outside diametzr of 4 inches and the other
model, made of aluminum, had an outside diameter of 6 inches.
Both models had wall thicknesses of 0,06 inch. These models
osclllated with very little damping 1n air, but in water the
damping was significant, thereby violating our original
assumptions, Also, it was difficult to record enough oscil-
lations to get representative perlods in water. To overcome
these difficultlies, solld spheres were mounted on rods pro-
truding from the canopy as shown in Fig 8. These spheres
are mounted in such a way as not to interfere with the flow
about the canopy; that is, the dlstance L 1s large compared
wlth the sphere dlameter and the movement of the sphere is
small, The real moment of inertlia of the system was increased
by the additlon of these spheres and the damping effect of
the water was relatively smaller. The apparent moment of
inertia due to the spheres can be accurately accounted for
as will be shown later.

Figures 8, 9, 10 and 11 are drawings of the hemi-
spherical, circular flat, ribbon and ribless guilde surface
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FIG 8. DIMENSIONS AND DETALS OF HEMS -

PHERICAL CANOPY MODEL WITH 1.25° SPHERES
ATTACHED

GEOMETRIC i
POROSITY: 253+, @
RIGHT END VIEW

FIG 10. DIMENSIONS AND DETAILS OF RBBON
CANOPY MODEL WITH 1.25" SPHERES ATTACHED
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4-40 THREADED ROD
MOUNTMG RO

FIG 9. DIMENSIONS AND DETALS OF CIRCULAR
FLAT CANOPY MODEL WITH 1.25* SPHERES

FIG 11 DIMENSIONS AND DETALLS OF RIBLESS
GUDE SURFACE CANOPY MODEL WITH 125+
SPHERES ATTACHED
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canopy models with the additional spheres attached. The
hemispherical and ribless guide surface models were made of
steel and the circular flat and ribbon models were made of
aluminum. All of these models were spun r'rom sheet metal
.060" thick. The ribbon canopy model had a geometric poro-
sity of 25.3% and was fabricated by cutting slots in an
aluminum circular flat model. Figures 12 and 13 are a
photograph and a drawing showing the location and dimensions
of the slots in the ribbon model.

2.2, Motion About an Axis Through the Confluence Point
The models which were osci.lated about an axis

through the confluence point had a projected diameter, Dy,
of 2.5" and were spun out of .040" sheet metal. The heml-
spherical, circular flat and ribbon canopy models were made
of aluminum and the ribless gulde surface model was made of
steel. The geometric porosity of this ribbon canopy 1is
approximately 27%. Drawings of these models are not presented,
because they had profiles similar to thelr 6" diameter counter-
parts shown in Figs 8 through 11,

Two different test arrangements were used on these
canopiles. In both cases the leadlng edge of the canopy skirt
was a distance 1.33 Dy, from the axls of osclllation as shown
in Figs 14 and 15. Fggure 14 shows the configuration used
in the 1nitlal tests where two small stecel spheres were
mounted symmetrlcally about the torslon rod to lincrease the
inertia of the system in much the same manner as used earlier
on the single canopy tests, In later tests a large, centrally
mounted sphere was used for the same purpose. The centrally
mounted sphere has the advantage of lncreasing the lnertia
of the system wilthout lncreasing the apparent inertia. Figure
15 shows the central sphere arrangement.
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FIG 12. PHOTOGRAPH OF 6" RIBBON
CANOPY MODEL

GEOMETRIC
POROSITY: GORE ¢ -

25.%

FIG 13. DRAWING OF 6" RIBBON CANOPY
MODEL SHOWING DIMENSIONS
(10 GORES),
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FIG14. PHOTOGRAPH SHOWING TWO 1—- AT-
TACHED SPHERES AND 25" D. RIBBON
CANOPIES FOR CONFLUENCE POINT TESTS
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FIG 15. PHOTOGRAPH SHOWING CEN"'RALLY

MOUNTED 3" SPHERE AND 25' Dy RIBBON
CANOPIES FOR CONFLUENCE POINT TESTS
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L, EXPERIMENTAL PROCEDURE AND RESULTS

Al Experimental Procedure
l. Timing

The known constant frequency output of the oscil-
lator 1s fed Into one channel of the Brush pen recorder.
During testing, the oscillator frequency 1is constantly checked
for accuracy by feeding 1ts signals into the y-axis amplifier
of the oscilloscope and feeding 60-cycle line current into
the x-amplifier. By observing the Lissajous pattern appear-
ing on the oscilloscope screen, any whole number multiple or
simple fraction of 60 cycles per second can be set on the
oscillator. In all of the tests, a frequency of 15 cycles
per second, deemed to be the most satilsfactory for the pen
recorder, was used as the time base, corresponding to a 4 to
1 Lissajous pattern on the oscilloscope. The output of the
strain analyzer, which 1s excited by the transducer mounted
on the torsion rod system, 1s fed into the other channel of
the Brush recorder. The recorder paper then has two sinusoldal
traces corresponding to the input frequencies in each channel,
The frequency of the time base trace 1is known and therefore
the unknown frequency of the system trace can -be determined.
Figure 16 shows a sample of recorder paper along with an
1llustrated calculation of the system's period of oscillation.

oL 5 T =k 41 R e s =ma: E = £ N
..... Tl ELEL et bt FEo oo mmeimmens

CF  JSH ELECTRONICS COMPANY  rateo i usa
: FUERRTEEFFTET-F kan| T {4l

T= 328+ 1440=,2278 seconds

FIG 16 SAMPLE OF TRACE ON RECORDING PAPER
SHOWING CALCULATION OF THE PERIOD T
FOR 1.5' DAMETER SPHERES
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2. Determination of Spring Constant
The determination of the spring constant, K, can be
accomplished by elther a static or a dynamic test., 1In the
static test, the system was set up as shown in Flg 17, with
the angle of deflection determined by the small angle formula

0= -ALX- : : - (4.1)

Since the moment arm used In thils experiment seemed
to bend appreclably, thereby adding its own deflection,.an-
other test was conducted to correct for the additional deflec-
tion of the moment arm. The moment arm was secured in a rigid
vice and reloaded in the same manner as 1t was when on the
torsion rod. The deflection for any glven load measured in
this test was subtracted from the deflection for the corres-
ponding load on the torsion system., The angles were plotted
as a function . of the appllied torque, with the slope of the
line determining the spring constant.

In the dynamlc test, the moment of inertia of the
system was calculated and the period in alr measured. From
these values the spring constant was calculated using Eqn 4.2,

kK = 4nf S, | (4.2)

where K 1s the spring constant in dyne-cm. The calculated
moment of inertla, I, takes into account systems 1, 2 and 3
shown in Fig 1. System 1, which included the spherilcal models
and the members used to attach the models to thg torsign rod,
had a calculated moment of inertia of 60.8 x 103 gm-cm<.
System 2, whlich included the fastener and the'rods supporting
the moving part of the transdgcer, had a calculated moment

of inertia of .33 x 103 gm-cm The forsion rod 1itself, which
had a moment of inertia of 0005 x 10 gm-cme, constituted
System 3 and was disregarded. ;

The spring constant determined in this manner com-
pared very well with the constant determined by the static
test. PFor the torsion rod that was tested both statically
and dynamically, tge spring constant determined by the static
test was %5 8 x 10° dyne-cm, while the dynamic test gave
46.0 x 10° dyne-cm., The value of the spring constant deter-
mined by the dynamic tests is used in the date reduction be-
cause the testing procedure for determiring the apparent moment
of inertia is similar to that for the determination of the
spring constant,

3. Calculation of I' for Two-Body Tests -
For the two-body tests, the models were mounted
symmetrically on the torsion rod as shown{in Filg 1. The

17



FIG17 EXPERMENTAL ARRANGEMENT FOR STATIC
MEASUREMENT OF SPRING CONSTANT
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apparent moment of inertia of the models was found by measur-
Ing the periods of oscillation of the system 1nra1r and in
water and substituting these values into Eqn 2.13, . Under ..
our testing conditilons the apparent moment of 1nertia of the
system without models, Ic , had an estimated value of 31.14
gm-cm? which is negligibly small. With this conditlion Egn 2.13
becomes -

I' = s (7,2 - 10, (4.3)

where I' 1s the apparent moment of lnertia of the two models.

4, Calculation of I' for the Single Canopy Tests

' In the single canopy tests, it was necessary to
account for the effect of the attached spheres. Neglecting
mounting apparatus, the apparent moment of 1nert1a of the
canopy and the two attached spheres (I' + 12 ), is obtained
by experimental determination of the periods of osclllation
in alr and water and the use of the relationship

(12 + Ipg) = E‘r% (‘TW"‘ -m2) (4.4)

which 1s a modification of Egqn 2.13. The spring constant,
K, used in this equation was found by a separate experiment
as outlined before. The attached spheres! contribution to
the total apparent moment of lnertia is designated IQs’ and
is found by the equation:

Ths = 2(Mg L?) = 2(0.5 Mg,y L°) = Mg , LZ . (4.5)

As a check on thils method, two hollow hemlspherical canoples
of the same geometry but different masses were tested. Both
canoples had an outslide dlameter of 5 inches and a wall thick-
ness of .06 inch, but one was made of steel and the other of
aluminum. Each canopy was tested with two sets of spheres,
one set of 1i inch steel spheres and ,one set of 11 inch steel
spheres, and the final results for I were compared.

5. Test Reynolds Number
In the tests, the motion 1is oscillatory and the
veloclty of the canopy models fluctuates between zero and a
maximum value.

The order of magnitude of the flow Reynolds number
will be determined on the basis of an average veloclty obtained
by dividing the distance traveled 1in one complete cycle by
the period of oscillation. An angle of oscillation of + 2° is
assumed and the canopy dlameter is used as the characteristic
length.
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The following values are used for the kinematic vis-
cosity vV of water and alr at room temperature'

M, = 1.23x 107 £t%/sec
and
Y, = 1.56 x 107 £t9sec.

For angular motion about an axis through the center
of gravity of the lncluded mass, the model canopy dilameter
was 6 inches, and assuming a typical perilod of 0.9 sec in
water and O. é sec in alr, the calculated Reynolds numbers were:

Re, = 1580 and Re, = 140,

For the models osclllating about an axls through the
confluence point, the model canopy diameter was 2.5 inches,
the radlal arm from the skirt to the axls of oscilllation was
1.33 x 2.5 = 3.33 inches, and assuming typical periods of
0.5 sec in water and 0.4 sec in alr, the average Reynolds
numrbers were:

Re, = 1300 and Re, = 128.

These values Justify the assumption of potential flow,.

B. Experimental Results
1. Tw»-Body Tests
The data from tests on the disks 1s presented in
terms of the additlonal mass, M!, in order to compare our
results with those of Ref 7. The working equation used for
calculating M! was arrived at by modification of Eqn 4.3.
The modifled equation has the form

' = QM'L2 , (4.7)
where M' 1s the apparent mass of one disk and L 1s the dis-

tance from the torslion rod to the center of one of the disks.
Therefore,

= 1 K 2
T T e (W) (1.8)

Figure 18 1s a graph comparing M! from our tests
on disks with experimental and theoretical values found in
Ref 7. Our test results lie between previously obtalned
experimental values and the values calculated by avallable
theory.
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Table 1 presents the apparent mass of the disks in
the nondimensional form M!Mp where Mg is the mass of a' spher-
lcal volume of water with a dlameter equal to that ¢ the disk
tested. !

To facllitate the comparison of our test results
with the results of Ref 8, the data from tests on cubes and
spheres 1s presented in the dimensionless form M'/Md W
where Mg,y 1s the mass of  water displaced by the model. These
experimental results are given in Table 2, where Column 1 '
gives the characteristic dimension of the model in centlmeters.

The comparison of our test results and Lamb's theor-
etlcal results for spheres and cubes is presented in graphical
form 1n Fig 19,

In view of the satisfactory agreement between our
test results and avallable experlimental and theoretical re-
sults for these configuratlons, the same experimental techniques
were applied to the determination of the apparent moment of
inertia of rigid parachute -canopy models for which no theor-
etical or experimental data are avallable.

2. Single Canopy Tests
In order to compare the test results for the dif-
ferent canopy conflgurations, 1t was necessary to devlse a
meaningful, dimensionless representation of the apparent
moment of inertia. The dimensionless form, defined by

S T %Eﬁ' s . (%.9)

was adopted, In this representation, I'; 1s the apparent
moment of inertla of the canopy model and IR is the moment
of lnertia of a reference body based on the canopy geometry
and the fluld density.

A sphere of water which has a diameter equal. to
the canopy proJjected dlameter, Dp, was used as a reference,
Its moment of 1nertia 1s glven by

Ig = Pw1§5' T (%2)5 : | (4.10)

This moment of inertla was chosen for reference because of

1ts sultabllity for comparing different canopy shapes of

equal projected diameters. It 1s also applicable to the
limiting case of a flat disk. Thils reference moment of 1nertia

:as calculated using the exact diameter of each canopy model
ested,

2.1.0scillation Axis Passes Through the Canopy
Table 3 presents the experimental data and calcu-
lations for two 5" diameter hemispherical canopy models, each
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TABLE 1. EXPERMENTAL DATA AND CALCULATIONS OF ~ APPARENT
MASS FOR CIRCULAR DISKS

O | ® {0 | @| 6 |.® Q.| ® ®. | ® ® | ® ® | O
4 "5l A
L 2. _ 5_519 , 2.2\ M.
MODE! t ¢ '32"‘03""‘de 5;51, T | W }Jo} M| M JCs{
m cm cm em? cem? loyne-cm dyne-cmidyne/cm| sec sec “sec? gm gm QQ :
1.920|0.356 | 11.60] 134.6]|7.429 | 47.00 59.53| 4422 |.1127 |.0866 | :5207|22.02|29.62| 777
DISK 1 1.920 {0.356 | 11.60] 134.6[7.429| 47.00 59.53| b2 |.1124 |.0867 | 5117 22.63 29,621 , 764
1.920 |0.356 | 11.60{ 134.6|7.429 | 47.09 59.53{ 4422 [.1127 |.0867 | .5184 22.93 29.62| .77 |
1.68310.295 | 11.49/132.0[7.576 | 47.00] 59.53[ 4510 |.0926 |.0710.]| .3534]15.94/19.95] .799
DSK I |1,683[0.295]11.49(132.0|7.576 | 47.09 59.53[4510 [.0926 |.0710 | .3534]15.94/19.95} .799
1.683 |o. 11.49 7.576( 47.00 59.5 . ;. :
2.500 |0.335 | 12,30 151.3/6.609 | 47.00| 59.53[ 3934 [.1650 |.1201 | 1.280|50.36(65.41 | .770
DSKI |[2.500[0.335|12.30{151.3/6.609 | 47.09 59.53|3934 |.1650 [.1205 | 1.270|49.98|65.41| .764 |
2. 0.
3, 0.320 | 12.98 1622 | 2.854}100.8 752
DISK I _‘,.176 0.320 | 12.98]168.5/5.935 | 47.00 59.53] 3533 |.2353 |.1621 | 2.904]102.6}134.1| .765
3.176 |0.320 | 12,98/ 168,5[5.935 | 47.00] 59.53] 3533 |.2346 [.1621 | 2.876/101.6)134.1| .758 :
3.178 ]0.312 [ 12,981 168.5|5.935 | 47.00 59.53| 3533 |.1942 |.0930 | 2.906{102,7|134.4 | . 764"
DISK ¥ [3.178[0.31212,98/168.5;5.935 | 47.00} 59.53| 3533 |.1948 [.0930 | 2.906|103.5[134.4 | .776
3.178 |0.312 | 12,98} 168.5/5.935 | 47.00 59.53|3533 |.1935 [.0932 | 2.876/101.6]134.4] .755
’ (Ta - Tz)
R I _Gsxi,
R 4 3 F >
Pu 3Tr ¥ \”‘_ A: VIEW OF
“TORSION ROD

TABLE 2. EXPERIMENTAL DATA AND CALCULATIONS OF APPARENT MASS FOR
CUBES AND SPHERES '
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'mopeL | ! L | @ #m’ Kx10 g%xn e_néﬁ T, | B Tf,-ozf M| MM
X
c™M cM oM | oo | om? | | OME | 0T | sec | sec | sec? | om GM ®/@__
CUBE —_— 2.34 110.85 [117.7 8.496 | 47.21 | 59.79 5680 .1536 | .1480 .1689 | 8.5801] 12.80 .6703
;.23401, —— | 2.38 [10.85 [117.7 [8.496 | 47.21 | 59.79] 5080 |.1534 | .1480 | .1628 | 8.270 | 12.80 | .6462
' — 2.34 |10.85 {117.7 | 8,456 | 47.21 | 59.79 5080 |.1535 | .1481 .1629 1] 8.275¢ 12.80. L6465
sriEre | 159 | —— [11.26 [126.9 [ 7.880 | 47.25 | 59.84 | 4735 | .1733 1678 | .1876 | 8.845] 16.80 | .5265
r=159c¢mi 1.59 —_|11.26 {126,9 |7.880 | 47.25 59.841 4715 |..1733 - .1678.| .1841 8.680| 16.80] .5167
1.59 —— |11.26 1126.9 | 7.880 | 47.25 59,84 | 4715 |.1733 L1678 | .1876 ] 8,845 16.80 .5265
SPHERE 1.90 — |21.58 |134,1 | 7.455 46,48 58..87 u389-£3u9 .2278 | .3285| 14.42] 29.00 4972
r190em | 2:90 —— |11.58 |134.1 | 7.455 [ u6.u8 | 58.87] 4389 |.23u8 | .2278 | .3238 ] 14.21 | 29.00 | .4900
1.90 — |21.58 |134.1 7.455 46,48 | 58.87] 4389 |.2351 .2278 | .3379 -14.83}1.29,00] .5114
¥ MOTION
SPHERE
Lo (12-12) L—-
C=: v VIEW OF
g duw TORSION ROD
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oscillating about an axis through the center of gravity of
the canoples. The results are presented in both the dimen-
sional form I', and the nondimensional form A'R. . . As shown
in Table 3, these canoples were of different maﬁerial ‘and
they were both tested with two sets of spheres. 'The small
variation in I', from canopy to canopy may be due to slight
experimental 1naccuracies in the mounting of the attached
spheres. These results appear to Justify the method of using
attached spheres.

2.2. Osclllation Axls Passes Through C.G. of Included ‘Mass
Tables 4 and 5 give experimental data and calculation

of the canopy apparent moment of nertia, I! the reference
moment of inertia, IR, and the nondimensionai apparent moment
of inertla coefficlent, A'R,c, for two hemispherical canopy
models. These models were Oscillated about an axis through
the center of gravity of the mass of thelr included volumes
rather than the center of gravity of the canopy shell, as were
those presented in Table 3. It 1s shown that the apparent
moment of inertia of the hemispherlcal canopy 1s smaller when
osclllating about the c.g. of the included mass than when
osclllating about the c.g. of the canopy shell.

Table 6 presents the test data and calculated re-
sults for a 6" dlameter circular flat canopy model oscillating
about an axis through the c.g. of the mass of the 1ncluded
volume of the model, The results show satisfactbry*repeat- —
ablllity and indicate an apparent moment of i1nertla coefficient
of the same order as those for the hemlspherical canopiles for
osclillation about an axis through the c.g. of the included
mass.

Table 7 presents the test data and calculated re-
sults for a 6" diameter ribbon canopy model oscillating
about an axis through the center of gravlity of the included
mass. These results indlcate that the apparent moment of
inertia for the circular flat canopy 1s about five times as
great as for the ribbon canopy.

Test data and calculated results for a 6" dlameter
ribless guide surface canopy model are given in Table 8,
The apparent moment of inertla coefficlents are approximately
equal to those of the hemlspherical and circular flat models.

- 2.3. Oscillation Axis Passes Through C.G. of Disk
Table 9 presents experimental data and calculated
results for a 4" dlameter disk oscillating about a diameter.
The flat disk is the limlting case for canoples oscilllating
about theilr enclosed volume c.g. The values of the apparent
moment of lnertia coefflclent, A'R,c , for the disk are greater
than for the other canopy models a8 was expected.

3. Two-Canopy Tests: Motion About an Axls Through
the Confluence Point
It was necessary to deflne a reference moment of
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TABLE 4. EXPERIMENTAL DATA AND CALCULATIONS OF APPARENT
MOMENT OF INERTIA OF A 6" HEMISPHERCAL CANOPY MODEL
OSCILLATING ABOUT AN AXIS THROUGH THE C.G. OF THE
INCLUDED MASS e i

O| @ | @ ® T oT @ " ©
nemrsenzre RN LK ge| T° 3 (T.- T.‘,)(wa.?xn‘ w?,, ? l’,.?ﬂ’ r;agor’ &?ﬁ'lk?;
ogs |10 A 2| 2 |© D@D g’ ®- i %
dyne-cm | sec_ | sec sec gm-cn ‘gm | cm gn-cn’ Igm-cn’ | Iax 0
‘J_.. 1 ] 8.900 l1.1274].9596 | .1678 14.93 16,80 116,07} 4,0 ] 10,59 | 46,50 | ,228
4 2 8,900 1.1278].9616 .1662 18.79 16.80 | 16,07] 4.340 10,45 46.50 .22
%‘g 3 | 8.900 [1.1287].9551 | .1736 15.45 |16.80 | 16.07] s.380 | 11,11 ;] u6.50 | .239]
5 | 8.900 |1.1204].9596 | -.1608 .31 16,80 }16.07] 8.350 | 9.97 | 86.50 | .2
Average ‘R:c' 227
(1 |2 800 |1.6008 1.5952| .2076 | 18.48 |28.9516.39] 7.778 | 10.70 | #6.50 | .2%
Amzmo' 2 |8.900 l1.815201.6030| 2100 | 18.89 fo8.95|16.30] 7778 | m.m | w650 | .e39
SPHERES | 3 | 8.900 |1.8285]1.6073] .2222 18.78 ]28.95 | 16.39] 7.778 | 12,00 | 46.50
4 |]8.,90 [1.8279]1.6152] ,2127 18,93 .95 |16.39] 7.778 | 11.15 | 46.50 .280
Average All:_c' 242

A;u'_{_';'Ktl (I 1Y M, U
* ST O

TABLE 5 EXPERIMENTAL DATA AND CALCULATIONS OF APPARENT
MOMENT OF INERTIA OF A 5" HEMISPHERICAL CANOPY MODEL OS-

CLLATING ABOUT AN AXIS THROUGH THE C.G OF THE INCLUDED MASS

- I, RU®N _K_?na 3' $ (I,,’?T.‘)n.'ol'.?xo’ u%,, ? 1',.?'0’ 1;,30" &g(n)‘F &
woozL | NO faTT* o-H | @x @xq' ®- K
dyne-cn | sec? | sec? | sec _gm-ca o | o |m-on’ |gm-ca® |ax 0 %ﬁ
" 8.900 .7987 |.7155 | .0832 7.405 [16.80 | 14.76] 3.661 { 3.7MM 15.24 286
1‘1‘ 2 | 8.900 |.8005 |.7a88 | .0812 7.228 6.80 | 14.76] 3.661 | 3.557 | 15.98 | .233
% 8.900 |.8010 |.7176 | .0834 7.023 [16.80 | 14.76] 3.661 | 3.762 | 15.28 | .27
b ] 8.900 |.8008 |.7201 | .0807 7.182 I;s.ao 14.76] 3.661 | 3.521 | 15.28 | .23 |
Average Ay', = .239
1" 2|80 1.6100 {.725 | .0855 7165 28,95 |11.35] 3,730 | 3.3 | 15,28 | .20 ]
2 |2 |e.900 [.6231 |.7281 | .o850 | 7.565 [e8.95 |11.35] 3.730 | 3.835 | 15.28 | .252
2.;"&‘5’ 3 16.900 |.8127 |.7278 | .0849 7.556 128,95 |11,35) 3.730 | 3.826 | 1s5.24 | .25
5_|8.900 ].8127 |.7293 | .0834 7.423 [e8.95 11.35] 3.730 | 3.693 | 15.28 | .2%2
Avonn-AB:c - 203

DO vEW oF ot
Apes I -1y M, 0 oo
L AFeTOw )
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TABLE 6 EXPERMENTAL DATA AND CALCULATIONS OF APPARENT
MOMENT OF INERTIA OF A 6" CIRCULAR FLAT CANOPY MODEL OS-
CILLATING ABOUT AN AXIS THROUGH THE C. G OF THE INCLUDED MASS

e e

@ | ®

" & )
cmguum RS)N K 10 T 3 (T.,"—?T.")Luoli.?xﬂ’ h%,,‘ ? l‘,,?ﬁ" I;)g)" 3,3(%HA‘?;
N Lo O 00| 0x0 | §(06-9 | |

dyne-cm | sec? | sec? | sec -Cm gm cm -cn’ |gn-cn’ | laX o? %
4" 1 | 8,900 |.6719 |.5229 | .1490 | 13.26 - [16.80 }12.58| 2,66 ] 10,60 | 46.50° | .228
1% 2 | 8.900 |.6693 |.5249 | .10u4 12,85 |16.80 | 12.58] 2.66 | 10.19 | 46.50 | .219
%‘g 3 1 8.900 |.66u8 |.5262 | .1436 12.78 |16.80 | 12.58] 2.66 |-10.12 | u6.50 | .218
4 | 8,900 |.6724 |.5262 | .1462 13,01 116.80 ] 12,58| 2.66 | 10.35 | 46.50 .223

Average AR: e ™ .221
1+ |1 |8.900 ]|1.0980}.9243 | .1737 15.46 [28.95 | 12.90} 4.82 | 10.64 | u6.50 | .229
ATT;EHED 2 | 8.900 ]1.0900].9176 | .1724 15.34 28,95 12,900 4.82 | 10.52 | 46.50 | .226
cPHERes |3 | 8.900 |1.1022].926n | .1756 15,63 |28.95 | 12.90] #.82 | 10.80 | 46.50 | .233
4 §8.900 |1.0860].9216 | .16k4 14,63 Je8.95 J12.90] u.82 | 9.81 | u6.50 | .211

' Average AR:c - 225

Ay s I -'Zm"(r,’- L)-M,, U

T 5.8 Ty f

TABLE 7. EXPERIMENTAL DATA AND CALCULATION OF APPARENT MOMENT OF
INERTIA OF A 6" RIBBON CANOPY CSCILLATING ABL ‘T AN AXS THROUGH THE CG
OF THE INCLUDED MASS

6 |©] O ol o] @ ®© | ® @' ® ® ® 3 @

4 3 g J

RIBBON [RuN fi,’”o T Ll lg'g_; Mw| b Lx0 [ x10° |RAn (%L Anc
X -3

MODEL | N @-0 |«@x® 0x® [©-0 | hx0’| -8

orne-cm | sec? sec? sec? oM-cM2 | om cm? oM-cM2 | oM.cMm2

GEOM. .

POROSIY | 1 | 9.20 | 5776 [ .5ee0 | .osu7 | 5.03 128.06{96.20} 2.78 | =2.25 | 46.50 | .ou8
e 2 .5764 | .52u6 | .0518 4,77 1.99 .0u3
15" 3 .5802 | .5259 | .0543 5,00 2.22 048

ATTACHED | & .5776 | .5239 | .0537 4,91 2,13 .046

SPRERES 5 .5776 | .5240 | .0536 4,93 2.15 .0l6

6 .5781 | .5230 { .0540 4,97 2,19 L0l7
7 5771 | .5236 | .0557 5.07 2,29 .0l9
8 .5755 | .5240 | .0535 4,92 2.14 fc>u6
AVERAGE  Apz0047
END VIEW OF
TORSION

A =_I§_=('Z':'zf)(ﬁ’§) -M
< Ia g,,%n(%)’
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TABLE 8 EXPERIMENTAL

DATA

AND  CALCULATIONS

OF APPARENT

MOMENT OF INERTIA OF A 6" RIBLESS GUDE SURFACE CANOPY
MODEL OSCILLATING ABOUT AN AXS THROUGH THE C G OF' THE IN-
CUWDED MASS
el O] @ | @ 5] ® |00 60 0
asan e Do 0| B e x| vou| © [mret s a2
SURFACE | NO [aTT® - | @®: Y iy Pw Re
MODEL i D RxQ- . |o§ Q|
. dyne-cm | sec” | sec sec guecm” . | gm | cm jgm-cn’® |gm-cm® | lax 00
9" 1 8.77 1.9366 |.7783 | .1583 13.88 [16,80]15.16] 3.86 | 10.02 | 43.88 |.228
1% 2 8.77 |.ouu2 |.7866 | .1576 13.82 [16.8015.16] 3.86| 9.96 | 43.88 |.227
% 2 | 8,77 |.ou09 |.7845 | .1564 13.72 |16.80|15.16] 3.86 | 9.86 | u43.88 |.225
4 8.77 |.9465 |.7862 | .1603 14.06 |16.80|15.16] 3.86 | 10.20 | 43.88 |.232
Avengo‘A“:c .228
e 1 8.77 l1.53u6|1.3u42] .1904 16,70 {28.95|15.64| 7.08| 9.62 | 43.88 |.219
7@ 2 8.77 |1.5349]1.3430] .1919 16.83 ~|28.95 | 15.64] 7.08| 9.75 | 43.88 |.222
SFI-ERES: 3 8.77 11.5302]1.3396| .1906 16.71 |28.95]15.64] 7.08| 9.53 | 43.88 |.220
4 8.77 |1.5366]1.3396] .1970 17.28 |28.95}15.64| 7.08| 10.20 | 43.88 |[.232
Average Allio - .2?3
4 . K sy 2 ?
Au'_tl_g_'/ﬂl[ (Tr- L) -M,, LU
%N (CYY
TABLE O EXPERIMENTAL DAJA AND CALCULATIONS OF APPARENT
MOMENT OF INERTIA OF A 4" DISK OSCILLAT]NG ABOUT AN AXIS
THROUGH ITS DIAMETER
., O] @ [ @ ® ® |00/ O] O ©
pisk  |RUN LK o] T* 3 (T T Wetp) x0°| Moy [ L [T x| x 072 o ge(3fY Aue
wopeL | NO faTT® g ; @-g) @x@ @x@’ @@ e
dyne-cm | sec® | sec® | sec _gm-cm g | cm lgmecn® |gm-em® | X107
_]_". 1 8.90 2526 | .,2229 | .0297 2,643 16,80 | 8.58 [1.235 {1.408 5.667 .248
1% 2 8.90 |.2528 |.2234 | o294 2.617 |16.8018.58 |1.235 |1.382 | s5.667 |.ou4
%ED 3 | .8.90 |.2523 |.2229 | .0204 2.617 [16.80]8.58 |1.235 |1.382 |s5.667 | .ot
4 8,90 |.2533 |.2232 | .0301 2.679 [16.80]8.58 |1.235 |1.484 |s5.667 | .255
Average Ap', = .248
g o 1 8.90 |.02713}.01166| .o1547 | 1.377 |0.00 |0.00 Jo.00 ]1.377 |s.667 | .243
'z 2 8.90 |.02699|.01164] .01535 | 1.366 Jo.00 [0.00 [0.00 |1.366 |s.667 |.om
QTP,_EES"C"ED 3 8.90 |.02696|.01169] .01527 | 1.359 [0.00 ]0.00 |o.00 ]1.359 |5.667 | .20
4 | -8.90 |.02699].01171] .01528 | 1.360 J}o.00 |0.00 |Jo.o0 J1.360 )5.667 |.240
Average AR:c = 24
SPHERE
K s -
A'., ’ 2 2 . 2
..".%_:'/Wrﬂu T-?’ Mgy L v $Novtwngg
09T (D ]
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. <inertia for the confluence point tests in order to present
" sthe apparent moment of inertia in dimensionless form. A

-p,system incorporating two point bodies each having masses
equal to the mass of a sphere of water of diameter Dp and
a moment arm equal to the distance from the oscillatlon
axls to the center of gravity of the canopy-enclosed volume
was used to calculate the reference moment of inertia, IQR’
as shown in Eqn 4. 11 ,

e = oy (P12, (1.11)

where

L = 1.33Dp+ 1., (4.12)
and lop 1s the distance from the leadlng edge of the canopy
skirt %o the c.g. of 1ts included mass. It should be noted
that the measured apparent moment of inertla, I'e, is for two
canoples. Similarly, the reference moment of inertila, IoR,

1s that of two identical masses.

Table 10 presents the apparent moment of inertila,
I'c, and the nondimensional apparent moment of lnertia coeffi-
cient, A'R . , for hemispherical, circular flat, ribbon and
ribless guide surface models. The data presented in this
table 1s from tests using the central sphere arrangement in
which no correction for the apparent moment of inertia of
the sphere 1s required. The results were quite similar for
the other test arrangement using two smaller spheres and
making the necessary corrections for thelr apparent inertia.

Table 11 summarizes the experimental results for
the apparent mass tests initlally conducted on simple bodiles.

TABLE 11. SUMMARY OF EXPERIMENTAL RESULTS OF APPARENT MASS TESTS

REFERENCE APPARENT
MODEL = MASS REMARKS
COEFFICIENT=C
CIRCULAR DISK | pigplaced Fluid k-erage of Tests

Mass of Sphere 0.772 on Flve Differ-
of Same Diameter ent Sized Disks
C

E Average of Tests
- |o» P]I)I:l.splaced Fluid 0.654 on One Set of
288 Cubes
SFPHERE Displaced Fluld Average of Tests

: Mass 0.511 on Two Different
Sized Spheres
|
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TABLE 10. CALCULATION OF THE APPARENT MOMENT OF
INERTIA COEFFICIENTS FOR PARACHUTE MODELS OSCIL-
LATING ABOUT AN AXIS THROUGH THE CONFLUENCE -POINT

MopEL D@ TOT@[6TO®[@][®
CONFIG- [RUN [£¢* T2 | T2 (TRT2| [0 Lx107 AL
w a ¢ 2R RC
URATION | NO. | _@ @6 50
poE-coal SEC2 | sec? RAESY IWVEY,
25  DpHEMI- | 1 9,20 | .2405 | L1571 ,0834 | 76,73 | 249.0 | .308
SPHERECAN- | 2 2414 | ,1577] .0837 | 77.00 «309
OPY WITH 3" 3 2422 | ,1576] .0846 | 77.83 .313
CENTRAL .2430 | .1586] 0844 | 77.65 312
SPHERE 5 Y 2427 | .1577] .0850 | 78,20 314
Average AR ¢’ = ,311
25" DpCRCU-|_1 9,20 | .2264 | .1607] .0657 [ 60.44 | 241.3 | .250
LAR FLAT 2 .2240 | .1582 .0658 | 60.54 .251
CANOPY WITH[ 3 .2258 | ,1591] .0667 | 61.36 .25,
3' CENTRAL 4 .2256 | ,1602] .0654 | 60,17 249
SPHERE J v 02270 | .1594] .0676 | 62,19 258
Average hp,c' = .252
2.5erR|BBON- { 9.20 | .1712 | .14,89] .0223 ]| 20.52 | 241.3 | .O85
CANOPY WITH|_ 2 1733 | 1501 .0232 | 21.34 .088
3" CENTRAL 3 1734 | L1496 ] .0238 | 21.90 091
SPHERE 4 .1705 | .1493] .0212 | 19.50 ,081
) v | .am1] .u9sf.0236]21.0 | v | .090
Average Ag,c’ = .087
2.5erR ‘ 9.20 | .2384 | .1915/ 0469 | 43.15 | 228.8 | .189
GUIDE SUR- 2 .2373 | 1911 L0462 | 42.50 .186
FACE CANOPY| 3 .2382 | ,1919| .0463 | 42.60 .186
witH 3" Cen-|_ 4 «2393 | ,1909| 048k |bbo53 | | | .195
TRAL SPHERE| O Y .2351 | .1902] .0449 [41.31 .181
Averfge An,c' = ,187
o (12 T2)

%’:’ Iza 2L2P 4‘”(59)
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Tables 12 and 13 present -a summary of the apparent
moment of inertla test results for the various canopy models
in two modes of oscillation. : ;
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TABLE 12,

SUMMARY OF EXPERIMENTAL RESULTS OF APPARENT MOMENT OF

INERTIA FOR CANOPTES OSCILLATING ABOUT AN AXIS THROUGH THE C.G.

Reference Moment

Apparent Moment of

of Inertla Model Inertia Coefficient Remarks
IR _ Aga
Spherical Hemigzﬁg;;cal 0.324 Axis Through
D= 5" ’ Canopy C.G.
luid Mase of
Hemispherical Axis Through C.G.
Diameter D, Canoples 0.238 of Included Mass
D = 5" and 6" 2 Models Tested
Centered
Circular Flat
at Specified ganop%" 0.223 Ax1s Through
p —J
SHtEIE e Ribbon Canopy C.G. of
Oscillating G'Pﬁ =_22ﬁ3% 0.0h7 Included Mass
: p "
About the Ribless Guide 1 Model Tested
Same Axis Surfgce—Ca%opy 0.226
D =
Disk Dlametrical Axis
0.244
g D = 4" 1 Disk Tested.

TABLE 13.

SUMMARY OF EXPERIMENTAL RESULTS OF APPARENT MOMENT OF

INERTIA FOR CANOPIES OSCILLATING ABOUT AN AXIS THROUGH THE CONFLUENCE

POINT

Reference Moment

Apparent Moment of

T><D)]

- £ "
Dp = 2,5

of Inertila Model Inertia Coefficlient Remarks
I2r At
Spherical Hemispherical
Fluid Mass of DcagogYSH 311 Test Results
Diameter Dp [= 400 et
Centered at Canopy .252 of Five Runs
Included Mass G| Dp = 2.5" _| on Each Mogel
and Oscillating | Ribbon Canopy Using Central
About the G.P, = 26.?% .087 Sphere
Same Ax1s s St Arrangemen% of
Rlbless Guide
Surface Canopy .187 Flg. 15
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5. CONCLUSIONS AND GENERAL REMARKS

A. Remarks on the Experimental Method

The experimental apparatus used for measuring the
apparent moment of lnertia of idealized parachute canopy
shapes 1s baslcally very simple. Nevertheless, accurate
timing of the perlod of osclllatlion to within + .0005 sec
is essentlal, and care 1s necessary to insure proper symmetry
and correct alignment in model mounting. In order to mini-
mize random experimental errors, several runs were made for
each configuration and the results were averaged.

The speclal nature of the flow, characterized by
small movements from rest, little damping and a limited
Reynolds number range, Justifies the assumptlons of ideal,
incompressible, irrotational flow. The experimental results
should therefore approach the theoretlcal values based on
potentlal flow theory as evidenced by the satlsfactory agree-
ment inltlally obtained with spheres and cubes. The effects
of surface friction and flow separation appear to be negliglble.

All the tests reported were conducted in alr and
water only. No need was felt for using other liquids, since
previous experimenters had conflrmed the existence of a direct
relatlonshlp between apparent mass and fluid density.

The main dimensions of the apparatus (1.e., the
length of the torsion pendulum aid size of the test frame)
were dlctated by practical consideratlons and more specifi-
cally by the dlmensions of the water tank. The diameter of
the torsion pendulum, model slze and additlional system ilnertila
were optimized experimentally. It was also ascertalned, by
experiment, that the effects of the side walls and finite
water depth were negligible to the order of experimental
accuracy. The 2.5" models were made from .040" thick alumi-
num or steel and the 6" models were made from .060" thick
aluminum or steel. All of the models were spun out to the
inflated canopy shapes.

Initlally, tests were conducted on ldentical heml-
spherlical shells made of steel and aluminum and these tests
showed no significant effect of the model mass on the experi-
mentally determined apparent moment of 1lnertia. Subsequently,
therefore, the model materlial was selected cn the basis of
ease of fabricatlon and reduced cost.

The geometrilc porosity of the ribbon parachute
configuration was represented by corresponding cutouts, but
there was no attempt to represent the cloth porosity, the
bulging out of the indlvidual gores or the effect of the
suspension lines,
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B. Discussion of the Experimental.Results

The experlimental results for the canoples are
presented in nondimensional form by using for reference the
moment of inertia of a sphere of dlameter equal to the pro-
jected canopy diameter, This hypothetical sphere 1s assumed
to have the same density as the fluld medium, to be subjected
to the same angular motion as the canopy under consideration
and to act as one rigid mass.,

For angular motion about an axis through the center
of gravity of the included mass, the apparent moment of inertia
of the circular flat and the ribless gulde surface canoples y
were very nearly the same. The average experimental values
for the apparent moment of inertila ratio A'R, were ,223 for
the circular flat and .226 for the ribless guide surface types.
The average value for the hemlspherical canopy was sllightly
larger at .238. A ribbon canopy model having the same profille
as that of the circular flat canopy but with 25.3% geometric
poroslity showed a very conslderable reduction of the value of
A'R,c from .223 down to .O47, a reductlon of about 80% from
the value of the circular flat canopy.

For angular motlion about an axls through the con-
fluence point assumed to be located at a distance of 1.33 D
from the canopy skirt, the average experimental values for .
A'R,c_were .311 for the hemispherical canopy, .252 for the
circular flat, .187 for the ribless guilde surface and 087
for the ribbon configuration. Thus, the experimental value
of the apparent moment of 1nertia of the ribbon model 1s,
roughly speakling, a little less than half that of the rilbless
gulde surface model and very nearly one third that of the
clrcular flat parachute model.

C. Concluding Remarks

The need to develop an experimental method for
obtaining the apparent moment of lnertia of parachute cano-
ples became apparent from a study of the dynamic stabllity
equations of a parachute-store system, which forms a part of
our "Investigation of Basic Stablility Parameters of Conventional
Parachutes." A literature survey falled to reveal any sat-
isfactory analytical or experimental method applicable to
rigid hemlspherical thin shells representing an ideallzed
form of a parachute canopy.

The experimental apparatus and techniques developed
for this purpose and described in this report make possible
the determination of the apparent moment of inertia of 1deal-
1zed parachute canopy models having a specified angular motion
about a glven axls perpendicular to the axis of symmetry.

The experimental values obtalned with the proposed
method are belleved to approximate closely the analytical
values that would be obtalned on the basls of 1deal potentilal

34



flow theory. In the case of actual parachute canoples in free
flight, the apparent moment of inertla may be slgnificantly
diftferent on account of the flexlbllity and porosity of the
parachute cloth and the posslble flow separation effects. It
1s to be expected that the fabrlc porosity will tend to reduce
the apparent moment of 1nertia while flow separation will

tend to increase 1it.

In splte of possible discrepancles “-%ween the
results of rigid idealized models and those o' full scale
flexlible parachutes, the model results may be valuatle for
the purpose of comparing the characterlistics of different
canopy shapes and provliding a reference level from which to
Introduce: corrections to account for flexlbllity, porosity
and flow separation,

The apparatus described and the experimental
techniques outlined in this report may be developed and re-
fined if deslred. Posslble lmprovements may involve the
use of more accurate timlng methods, a larger frame with
Improved suspensilon, more sophlstlcated models and specilal
Immersion liquld. In the data reduction, a correction may
be made for the damping effects at the expens¢ of a much
greater complexlty in the calculation,
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APPENDIX

EXPERIMENTAL INVESTIGATION OF THE EFFECT OF
GEOMETRIC POROSITY ON THE APPARENT MOMENT OF INERTIA

A, Introduction

Subsequent to the completion of the experimental
work described and the preparation of a draft of a technical
report, the Steering Committee adopted the proposal that an
additional experimental investigatlion i’ the effect of geo-
metric poroslity on the apparent moment of inertia be per-
formed and the respective results be presented as an Appendix
to this technlcal report. '

B. Canopy Models and Experimental Arrangement

The experimental equipment and test arrangement
were the same as described in the main body of the report.
The canopy type selected for the poroslity tests was the ribbon
parachute canopy. Two slzes of canopy models were used, one
with D, = 6 inches for tests involving oscillation about an
axls tgrough the center of gravlity of the lncluded mass and
the other with Dp = 2.5 1nches for the tests Ilnvolving oscil-
latlions about an axis through the confluence point.

The number of slots and the geometric disposition
of thelr centerllnes were the same for all models. The
different geometric porosities were obtalned by progressively
increasing the slot widths. The narrowest slots were 1/32"
wlide. These were cut first and the models were then tested.
The slot widths were then increased to the next value and
the tests were repeated. This procedure resulted in reducing
model costs and avolding slight geometrical lrregularities
between several models of the same proflile but with different

poroslties.

Flgures 20 and 21 1llustrate the deslign details
and dimensions of the 6" dlameter models. The slot widths
used for these models were 1/32", 1/16" and 1/8", giving
calculated geometric porosities of 6.3, 12.7 and 25.3 per
cent, respectively. Flgure 22 illustrates the test frame
with model canopy and two 1i" additional spheres attached.
The torsion rod used for these tests was the 3/32" drill rod.

Figures 23 and 24 illustrate the design details
and dimensions of the 2.5" dlameter models used for the con-
fluence point tests. The slot widths used for these models
were 1/32", 3/64" and 1/16", giving calculated geometric
porosities of 17.7, 26.6 and 35.4 per cent, respectively. It
was not practical to cut slot widths of less than 1/32"., For
these tests, a symmetric arrangement involving a palr of
canopy models was used. It adopts the central 3" diameter
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FIG 20 6" RIBBON CANOPY MODELS (6 %
AND 25% GEOMETRIC POROSITIES )

Poro. | (in) | (in) GORE

Ae3% | o344 |.03125
12,75 e312 ,0625

25.3° | .250 |.125. 36° ~Y

I_ 080 MMM — | A !

FIG 21. 6" RIBBON CANOPY MODEL

SHOWING DIMENSIONS FOR
VARIOUS GEOMETRIC POROSITIES
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FIG 23 25 RIBBON CANOPY MODELS (18%
AND 27% GEOMETRIC POROSITIES )

Geom, R S

Poro. (in.) | (in.) GORE
17,75 .1090 [,03125 q-
26,67 .0937 L0469

35,47 | .0781 |.0625 36°

f— 1.036"—==

050 .l.l.t.ilwum.mJ | S
2.508"

FIG 24 25" RIBBON CANOPY MODEL

SHOWING DIMENSIONS FOR
VARIOUS GEOMETRIC POROSITIES
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steel sphere as 1llustrated in Fig 15 and, in addition, it
was found desirable to increase the system lnertia by means
of two 1f" diameter steel spheres mounted in two arms perpen-
dicular to the axls of attachment of the canopy models. - It
was necessary to exerclse speclal care in aligning the model
canoples and auxillary spheres 1n order to avold relatively
large scatter of the experimental results due to poor allign-
ment. In timing the oscillations, the Llssajous patterns
were carefully observed, and whenever a slight drift occurred,
the results of that particular run were disregarded and the
test repeated.

c. Experimental Results and Conclusions

In general, three sets of runs were calculated
for each geometric porosity configuration. Each set consisted
of flve consccutive runs and the period of oscillation was
based on the average for the set.

1. Single Canopy Tests--Osclllation Axls Passes Through

tlie C.G. of the Included Mass

Table 14 presents the results of tests on four
canopy models with geometric porosities of 0, 6.3, 12.7 and
25.3 per cent, The reference moment of inertia, IR, used
for calculating the nondimensional apparent moment of inertia
coefficient A'R o for this case 1s that of a hypothetlcal
sphere of diameter equal to the projected canopy diameter,
Dy, and assumed to act like a so0lld mass having the density of
tge fluld and osclllating about an axls through center of

gravity.

Flgure 25 shows the variation of the apparent moment
of 1lnertia coefficient A'r,. with geometric porosity. It is
apparent that an lncrease of geometrilc poroslty reduces
conslderably the apparent moment of 1nertia. Thus, a geome-
tric porosity of about 6 per cent reduces the apparent moment
of inertia to about 60 per cent of its value for a nonporous
canopy. At a geometric porosity of about 13 per cent, the
apparent moment of inertia 1s reduced to approximately 27
per cent of 1ts original value while at a geometric porosity
of 25 per cent, the apparent moment of inertia 1s only about
19 per cent of the value at zero porosity.

2. Double Canopy Tests--Oscilllation Axls Passes Through

the Conf'luence Point

The results of these tests are presented in Table
15. The four models tested represent geometric porosities
of 0, 17.7, 26.6, and 35.4 per cent. Figure 25 illustrates
the varilation of the apparent moment of inertia coefficient,
A'R,c » with geometric porosity. It 1s apparent that Increas-
Ing the geometric porosity greatly reduces the apparent moment
of 1nertia, The effect, however, is relatlvely smaller than
for the single canopy tests. A geometric porosity of about
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TABLE 14. APPARENT MOMENT OF NERTIA COEFFICENTS FOR RBBON
CANOPIES WITH VARIOUS GEOMETRIC POROSITIES OSCILLATING ABOUT
AN AXIS THROUGH THE C. G OF THE INCLUDED MASS

MODEL AND|® | @ (OTN I O] ‘
GEOMETRIC fsev | ¢ 3| 12 2 ('C-@lf) q;d;g(ﬁ’ 2 @a 1’,{@16’ I;?ﬁ’ ®3 ‘?,
POROSITY oF 3 «Ix 1;" T' @.@ @x@ Md)'l L @X@ @_@ Il"ﬁ
(G P) US| ore-cm sec? | sec? | sec? oM-cM? | oM | cM? | gm.om?] am-om2 | am-om? Q/@
D, = 6" 89.0 |.66960 ] .52509 .14455 | 12,8650 | 16.80]158.3 [2.659 |10.2060] 46.50 | .219
ol o 2 | 89.0 h.ogu1|.g2eu8 .17157 | 15.2700 | 28.95|166.4 |u.817 |10.4530] 46,50 | .22
D, =6 |3 3299 tljﬂ .09816| 02511 | 8.2838 | 16.55]112,1 [1.856 | 6.4277] 46.07 | .140
S 2 | 329.9 |.12229|.09822| 02407 | 7.9407 | 16.55]112.1 |1.856 | 6.0846] u6.07 | .132
. =g k1 | 332.0 |.11069).09678] .01391 | #.6181 | 16.55[112.1 |1.856 | 2,7620 | 46.07 | .060
P 2 | 327.2 |.12049 |.09635| .oruas | 4.6266 | 16.55{109.4 [1.812 [2.8145 | #6.07 | .o060
0.P=12.78 [ 3 | 3272 [.11062 [.00647[ .o0415 | 4.6299 | 16.55{109.4 [1.812 |2.8178 | #6.07 | .061
T 92.0 |.57750 |.52386] 05364 | 4.93u9 | 28.96] 96.1 |2.783 | 2.1509 | u6.50 | .ou6
P 2 | 325.6 |.20784 |.09660| .o1123 | 3.6575 | 16.55[112.1 [1.856 [ 1.8018 | u6.07 | .039
6.P.=25.3% | 3 | 3256 |10800[.09658] .o1243 | 3.7210 | 16.55[112.1 [1.856 [1.8689 | 46.07 | .om
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TABLE 15 APPARENT MOMENT OF INERTIA COEFFICIENTS FOR RIBBON
CANOPES WITH VARIOUS GEOMETRIC POROSITIES OSCILLATING ABOUT.AN
AXIS THROUGH THE CONFLUENCE POINT

Ol @ |l ®| 06| @ @ ® @ ® ;)
Q%SETQN,CD geFTS Ixo*| 7, | v ]| 2] ¥ T@j,: (g 0;;;;)610’ [x10°| 1x0° Ay
PCKOSITY (G. Plruns orve-CM | seC sec | sec2 | sac? | sec? om-cm | om-em? | om-cm? @/®
. 1| 92.0 | .u751].3994 |.22576].15952] .o6624 | 6.004 | 6.004 | 241 | .252
P 2 | 333.0 | .3568].3253 |.12874].10582 .02292 | 7.032 | 6.281 | 2u.5 | .256
o.F. - Of 3 | 333.0 | .3585].3256 |.10852].10602] .02250 | 7.493 | 6.4 | 24.5 | .51
b, - 2.5" 1 | 332.0 | .3u88].3235 |.12170].10470] .01700 | 5.648 | 4.293 | 24.5 | .175
2 | 332.0 | .3892].3231 |.12191].10437| 01754 | 5.823 | 4.u72 | au.5 | .183
6.r. =17.7% | 3 | 332,0 | .3u88[.323 [.12167].10u57] .0o1720 | 5.677 [ 4.326 | au.5 | .17
D, = 2.5" 1 | 332.0 | .3402|,3244 |.11574].10524] .01050 | 3.486 2.135 | 245 .087
. 2 | 335.5 | .3392|.3223 |.11506].10420] .02086 | 3.644 | 2.292 | 2u.5 | .o5u
0.P, = 26.68 | 3 | 3355 | .3308].3029 [.11546].10026| .01020 | 3.758 | 2.406 | 24.5 | .008
Dp = 2.5 1 ] 335.0 | .3346].3201 |.11200|.10250| .00950 | 3.182 | 1.831 | 24.5 | .075
2 | 335.0 | .33u3].3211 |.11178].10311{ .00867 | 2.904 < | 1.553 | 2u.5 | .063
0.P, = 35.4% | 3 | 335,0 | .3332{.3202 |.11202].10252] .00850 | 2.848 1.897 | 2.5 | .o61
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FIG 25. APPARENT MOMENT OF INERTIA COEFFICIENT (Agc ) vs
GEOMETRIC POROSITY FOR RIBBON CANOPY MODELS
OSCILLATING ABOUT TWO DIFFERENT AXES

{

18 per cent reduces the apparent moment of inertia in this
case to about 70 per cent of 1ts original value for zero
porosity. At a geometric porosity of approximately 27 per
cent, the apparent moment of inertia 1is reduced to nearly 37
per cent of 1its original value whlle at a geometric porosity
of about 35 per cent, the moment of inertla drops to 26 per
cent of 1ts value for zero porosity.

The established influence of the porosity upon the
dynamlic inertla effects of the 1dealized parachute canopies
colncldes to a large extent with the findings of H. G. Heinrich
(Ref 9), in which a slgnificant reduction of the apparent mass
with Increasing parachute porosity was shown.

D. Concluding Remarks :

In extending the experimental method of determining
the apparent moment of inertia to account for geometric porosity
effects, additional simplifying assumptlons were involved. All
viscous effects were ignored and potential irrotational flow
was assumed. In view of the assumptions and idealizations in-
volved, 1t 1s felt that the tests relating the apparent moment
of inertia to geometric porosity should be viewed as of a general
exploratory character rather than definite numerical validity.
They help to indicate the relative magnitude. of the change
of apparent moment of inertia with geometric porosity.
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